thermal and wind power for ∼90% of total capacity. We find 22 geothermal resource adoption is more sensitive to operational degradation than high capital costs, which suggests an emphasis on 23 ongoing maintenance subsidies rather than upfront capital cost subsidies. We also find that a cost-effective and viable suite of 24 solutions includes availability of storage, diesel engines, and transmission expansion to provide flexibility to enable up to 50% of 25 wind power penetration. In an already low-carbon system, typical externality pricing for CO 2 has little to no effect on technology 26 choice. Consequently, a "zero carbon emissions" by 2030 scenario is possible with only moderate levelized cost increases of 27 between $3 and $7/MWh with a number of social and reliability benefits. Our results suggest that fast growing and emerging 28 economies could benefit by incentivizing anticipated strategic transmission expansion. Existing and new diesel and natural gas 29 capacity can play an important role to provide flexibility and meet peak demand in specific hours without a significant increase in 30 carbon emissions, although more research is required for other pollutant's impacts. • Uncertainty in coal generation unit capital costs.
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■ INTRODUCTION
32 There are over 1.1 billion people without access to electricity, a 33 large majority of these in countries with very high levels of 34 poverty.
1 Sub-Saharan Africa (SSA) is the most electrically Existing analyses of power system expansion at the pan-84 African level suggest capacity expansions between 50 and 200 85 GW by 2025 at around 8−13% annual rates.
11−14 However, 86 there is little research in the literature for national level 87 sustainable power system expansion for individual SSA 88 economies. Some examples are found for Ghana 15 and 89 Nigeria. 11, 16, 17 Unfortunately, the methods used in these few 90 studies lack the temporal and spatial resolution required to 91 properly characterize variable resources such as wind and solar. 92 These studies also use a very coarse representation of the 93 power system, missing key elements such as transmission 94 capacity and dispatch, geographical diversity, decrease in capital 95 costs due to learning curves, and operational restrictions such as 96 spinning and quickstart reserve margins. They also tend to 97 focus on a narrow set of future scenarios, whereas in most of 98 these growing economies there is important uncertainty on 99 how their energy transition will be shaped. and of residential air conditioning.
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• Uncertainty in capital expenditures and opera-119 tional performance of geothermal units.
120
• Uncertainty in coal generation unit capital costs.
121
• The adoption of battery storage technologies.
122
• Very high levels of renewable energy penetration.
123
• Figure S1 ). This method omits 225 intra-annual heterogeneity, but seasonality in Kenya demand is 226 relatively low and we believe it adequately represents an 227 expected load duration curve (see SI Figure S2 ). Figure S4 ). We derive costs for 284 battery storage from the midscenario in Cole et al. (2016) Wind and solar PV technologies require hourly capacity 294 factors for at least a year for SWITCH's dispatch module. We 295 use NOAA meteorological data for 26 stations in Kenya that 296 record global horizontal and direct normal radiation, wind 297 speed and direction measured at 10 m, dry bulb temperature, 298 and atmospheric pressure (for location see Figure 1 ). We 299 employ NREL's System Advisor Model to simulate the hourly 300 production of a PV module with tilt equal to the latitude of the 301 station. Wind turbine power curves are used to determine 302 average production for each hour based on 15 years of hourly 303 wind speed at an adjusted hub height of 100 m and 304 meteorological data. We finally translate production for both 305 solar PV and wind turbines into capacity factors ranging from 0 306 to 1. We select 18 wind locations to site 600 MW projects and 307 23 solar locations to site 800 MW projects for a total technical 308 potential of 10.8 GW of wind and 18.4 GW of solar PV, 309 respectively.
310
Scenarios. Forward looking models like SWITCH-Kenya 311 have little to no empirical evidence to be calibrated against. 312 Therefore, their proper use is for within-model comparisons 313 through scenario based analysis. The assumptions described in 314 the preceding section produce a base case scenario or business-315 as-usual (BAU). The outcome of this scenario should not be 316 interpreted as the most likely pathway for future power system 317 development, but as a benchmark given the assumptions that 318 Scenarios that perform geothermal generation sensitivities 430 are very relevant to gauge the future of the Kenyan power 431 sector given its important role in the base case and overall 432 abundant potential. Higher than anticipated geothermal costs 433 would lead to delayed adoption of this technology, but would 434 still reach the same 8 GW as in the base case by 2035. Wind 435 power is the preferred least cost resource to replace the delayed 436 geothermal capacity, with an expansion 20% higher than the 437 base case (Figure 2 ). Higher geothermal investment costs 438 translate to approximately 4 $/MWh additional average 439 levelized cost, or a ∼ 6% increment (SI Figure S7) . 440 The effect of degradation in the capacity factor for new 441 geothermal plants is different than the impact of higher 442 investment costs. The energy mix for this scenario is essentially 443 the same as the scenario with higher costs (SI Figure S10) . 444 However, the cumulative effect of reduced production requires 445 the adoption of around 1 GW of coal capacity by 2035. 446 Consequentially, this scenario has ∼50% more CO 2 emissions 447 (Figure 3 ). The cost impact is similar on average, but as 448 production degradation is higher in older plants, these costs 449 tend to rise toward the end of the analysis period.
450
Our base assumption for portfolio availability is that there are 451 ∼8 GW of technically feasible capacity in Kenya. We test the 452 impact of developing only half of this capacity or ∼4 GW, The hypothesis is that battery storage may enable higher cost- A and B) . Load is the same for all scenarios with the exception of the "LowLoad" and "HVAC" scenarios. The negative orange areas in some scenarios represent storage charging, which also appears as positive when it is discharging into the grid. Battery storage has important cost reduction impacts due to 516 the displacement of oil and natural gas generation and 517 providing flexibility for the adoption of additional relatively 518 inexpensive geothermal baseload. We estimate savings of 519 around 15 $/MWh or 15% of average levelized system costs 520 (SI Figure S7) . 13.5 GWh of storage capacity at 3.8 GW 521 discharge rate are installed by 2035−for an average of 3.5 h of 522 storage, about 15% of the total installed capacity of 22.6 GW 523 for the "Storage" scenario (Figure 2) . Geographically, this 524 storage is initially installed close to the major load centers in 525 Nairobi and Kiambu counties, but by 2035 there is storage 526 capacity installed in all possible load zones. 527 We find that both levels of carbon tax at $10 and $30/ 528 tonCO 2 have a negligible effect in the resource expansion 529 choices. An interesting outcome is that in both cases there are 530 minimal reductions in wind power adoption compared to the 531 BAU scenario. This is possibly due to the reductions in oil 532 based generation triggered by the carbon tax and subsequently 533 with the reduced flexibility in the system to absorb variable 534 wind generation. In addition, we verify that these tax levels have 535 no impact in emissions reductions compared to the BAU 536 scenario (Figure 3 ). More interesting results appear in the "zero 537 emission" set of scenarios, in which we require the Kenyan 538 power system to have zero emissions by 2030. The first 539 implementation of this restrictionthat did not allow 540 storagehad no feasible solutions because without oil or 541 natural gas generation the system did not have a large enough 542 source of spinning reserve to operate reliably. To address this, 543 we implement the "ZeroCO 2 " scenario with the same storage 544 options as in the "Storage" scenario. We find that the power 545 system substitutes natural gas and oil based generation with 546 storage, geothermal, and wind power to achieve zero emissions 547 in 2030. 470 MWh of storage is installed in 2020, increasing to 548 over 21 GWh by 2035 with a discharge capacity of 6.1 GW for 549 3.5 h of average storage.
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The "ZeroCO 2 " scenario results in significant levels of spilled 551 energy of 8% to 13% per year. Spills may be socially optimal 552 under highly constrained conditions as the ones we are 553 simulating. However, in many power systems with functioning 554 markets, operators and project developers would not tolerate 555 those levels of curtailment. We test a scenario in which 556 curtailment is constrained at a 5% maximuma reasonable 557 threshold based on BAU curtailmentto assess its effects on 558 the resulting expansion. The effect of this constraint is largely to 559 promote earlier and more aggressive adoption of storage. This 560 larger adoption of storage does not have a tangible effect in the 561 choice of investments for other technologies, but does affect the f4 562 system operation (Figure 4) . The hourly dispatch shown in 563 Figure 4 reflects how storage is charged in the night using 564 baseload geothermal and available wind capacity, and then 565 entirely discharged to meet the evening peak. The levelized 566 costs of this alternative are 10%−15% higher than the scenario 567 with socially optimal spills, in the range of 3−7 $/MWh (SI 568 Figure S7 ). We also find an increase in the number of hours 569 with zero short-term marginal costs in high renewable energy 570 penetration scenarios compared to BAU (SI Figure S11) . 571 We measure the environmental impact of different selected 572 scenarios through their CO 2 emissions. The BAU scenario for 573 Kenya shows an 8-fold increase in emissions from 0.7 to 5.5 574 MTCO 2 /yr (Figure 3 ), although the carbon intensity only 575 increases from 20 kgCO 2 /MWh to 50 kgCO 2 /MWh (SI Table  576 S3). The increase in emissions in the power system is led by 577 adoption of natural gas units. 
